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Abstract

Dewetting
PACS: 64.75.5t, 68.55.ag, 68.37.Ff, 6837.Hk

Scanning tunneling microscopy

We study the surface morphology and chemical composition of SiGe layers after their formation under
high-temperature annealing at 800-1100 °C of 30-150 nm Ge layers deposited on Si(100) at 400-500 °C.

It is found that the annealing leads to the appearance of the SiGe layers of two types, ie, porous and
continuous. The continuous layers have a smoothened surface morphology and a high concentration of
threading dislocations. The porous and continuous layers can coexist. Their formation conditions and the
ratio between their areas on the surface depend on the thickness of deposited Ge layers, as well as on the
temperature and the annealing time. The data obtained suggest that the porous SiGe layers are formed
due to melting of the strained Ge layers and their solidification in the conditions of SiGe dewetting on Si.
The porous and dislocation-rich SiGe layers may have properties interesting for applications.
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Background

Different semiconductor heterostructures made of Si
and Ge are the basic materials for the fabrication of
commercial circuits for microelectronics. The use of Ge
layers on Si significantly improves their performance
due to greater charge carrier mobility in Ge. At the same
time, Ge layers on Si are studied in order to create light
sources and detectors for the near infrared spectrum
range, as well as solar cells and Ge lasers [1-3]. The Ge
growth on Si usually occurs through the Stranski-
Krastanov growth mode, leading to three-dimensional
(3D) island formation [4—6]. The main disadvantage of
Si/Ge heterostructures consists in their inhomogeneity
in lattice strain and chemical composition caused by Si
and Ge lattice constant mismatch. Such structures are
characterized by a wide electronic states distribution that
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is an obstacle for the efficient devices fabrication in
some cases. Possible approaches to obtain the homoge-
neity in the Si/Ge structures are the use of lower [7, 8]
or higher temperatures [9] than those usually applied for
their preparation.

Ge depositions on Si(100) at temperatures up to 500 °C
leads to the formation of 3D islands having different shapes
and sizes depending on the substrate temperature and on
the amount and deposition rate of Ge [4, 7, 10, 11].
The island formation occurs by means of the processes
such as surface diffusion and incorporation of deposited
adatoms into energetically preferable sites on the surface.
At temperatures of 500-750 °C, the Si-Ge intermixing in
surface layers appears to be an additional process gover-
ning the composition and strain distribution in the grow-
ing structures [12—15]. When the temperature is above
800 °C, deposited Ge atom diffusion in the Si substrate
becomes significant. If the Ge deposition rate is not high
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enough, all deposited Ge atoms diffuse into the substrate
and the island growth does not occur [9].

The Ge and SiGe islands grown on Si(100) undergo a
strong strain due to the lattice mismatch between Si and
Ge and, therefore, they are thermally unstable. The strain
reduction can be achieved by the formation of more homo-
geneous distribution of chemical composition by means
of Si-Ge intermixing under high-temperature annealing.
Annealing can also produce significant changes in the
surface morphology [16]. The temperature effects were
studied with respect to compositional atomic ordering
and surface morphology evolution for the SiGe islands
prepared by the deposition of relatively low Ge coverages
(up to several nm) [17, 18]. In the first part of this work,
we study the surface morphology obtained by the depo-
sition of relatively high Ge coverages (30-150 nm) on
Si(100) at temperatures of 400-500 °C. The obtained
images of surface morphology show that, as the Ge cover-
age increases, the islands merge in ridges. The effects of
high-temperature annealing were studied then in order to
reveal the changes in the surface morphology and in the
chemical composition of the grown structures. Annealing
at 800—900 °C led to the formation of two different surface
areas. One of them is composed of open Si substrate
windows and relatively large ridges around them. The
formation of such porous SiGe layers looks like the result
of strain-facilitated melting with subsequent solidification
in the conditions of SiGe dewetting on Si(100). The other
surface area is the continuous SiGe layer which is formed
by smoothing of the grown islands or ridges with the ma-
terial transfer in the areas between them. Such surface
morphology transformation is accompanied by the appea-
rance of a high threading dislocation concentration. The
areas with two essentially different surface morphologies
can coexist on the surface. The ratio between sizes of these
two areas depends on the temperature and the annealing
time, and it is determined by the competition between pro-
cesses such as strain-facilitated melting from one side and
a gradual mass transport along the surface and Si-Ge inter-
mixing with Ge diffusion into the substrate from the other
side.

Methods

The growth experiments were carried out in an
ultrahigh-vacuum chamber with a base pressure of about
1 x 107 Torr. The chamber was equipped with a scanning
tunneling microscope (STM) manufactured by Omicron.
A 10 x 2 x 0.3 mm®> sample was cut from an n-type Si(100)
wafer with a miscut angle of <10” and a resistivity of
5-20 Q cm. Clean Si surfaces were prepared by flash
direct-current heating at 1250-1300 °C. A Knudsen cell
with a BN crucible was used for Ge deposition at the rate
up to 1.0 nm/min, which was calibrated with the STM for
the initial stage of Ge growth on the Si(111) surface at the
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low temperature of 450 °C. The Ge growth on Si(100) sur-
faces was carried out at the temperatures of 400 and 500 °
C. The post-growth sample annealing was performed at
temperatures from 800 to 1100 °C for various durations
up to 3 h. The sample temperature was measured using
an IMPAC IGA 12 pyrometer. After the removal of the
samples from the growth chamber, their scanning electron
microscope (SEM) images were obtained using a Pioneer
microscope manufactured by Raith. The chemical com-
position of the grown layers was measured using energy-
dispersive X-ray spectroscopy (EDX) of SEM SU8220
made by Hitachi. To obtain a better spatial resolution in
measuring the chemical composition along the certain
line, the incident e-beam energy was reduced to 3 keV.
The EDX for such low e-beam energy was calibrated using
samples with known SiGe compositions.

After electrochemical etching, the W STM tips were
sharpened by cutting the tip apexes from several sides
using the 30 kV focused Ga ion beam of a 1540 XB Carl
Zeiss microscope. As a result, the typical opening angle
of the STM tip apexes, estimated from the STM images,
was about 20°. The STM images of the surfaces covered
with Ge were usually obtained with the STM tip bias
voltage of -2.0 V and the constant current of 10 pA.
The STM image processing with free software Gwyddion
was used for the generation of bird view images of the
surface morphology and height profiles.

Results and Discussion

Ge growth on Si(100) at 400-500 °C proceeds through
the formation of hut clusters and square-based pyram-
idal islands [4]. Some of them develop then into the
large dome-like islands [19]. For relatively large Ge cov-
erages and at the same Ge deposition rate, the concen-
tration of dome-like islands decreases, as the growth
temperature increases, as shown for 400 and 500 °C in
Fig. 1, indicating the typical temperature dependence of
the island concentration [20]. When the deposited Ge
coverage reaches 30 nm, the distance between the dome-
like islands becomes so small that some of the islands co-
alesce. Interesting is that the hut clusters and square-base
pyramidal islands remain on the surface areas between
growing dome-like islands [Fig. 1(b)]. At the growth
temperature of 500 °C, the trenches appeared around
the islands (Fig. 1b), indicating the transfer of Si from the
substrate into the islands [10, 13, 15, 21].

When the Ge coverage exceeded 30 nm, the islands
formed continuous ridges (Fig. 2a). The use of 400 °C
provides the formation of a more homogeneous surface
morphology than that formed by Ge depositions at 500 °C.
The Si(100) surface was completely covered with Ge
islands, and the flat surface areas were not observed be-
tween them when the Ge coverage deposited at 400 °C was
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Fig. 1 a SEM and b STM images of the surfaces obtained by a 30 and b 20 nm Ge depositions on Si(100) at 400 and 500 °C, respectively

about 150 nm (Fig. 2b). Bigger coverages are required to
completely cover the surface by ridges at 500 °C.

Ge layers grown on Si(100) at 400 °C are thermally un-
stable due to the lattice strain and large surface and inter-
face energies. Annealing at 800 °C of the samples covered
with 30 nm Ge led to the smoothing of islands and ridges
(Fig. 3a). The whole surface became smoothed after an-
nealing at the higher temperature of 1000 °C (Fig. 3b).
However, the annealing at 1000 °C for 60 min did not
provide obtaining an atomically flat surface despite the
possible Ge sublimation.

The annealing of the samples with thicker Ge layers of
about 60 nm at 800-900 °C resulted in the formation of
two essentially different areas on the surface. The surface
image with a boundary between them is shown in Fig. 4a.
In the central part of the sample, the initial Ge ridges
spread over the flat areas between them forming a con-
tinuous layer with a rough surface morphology (Fig. 4c,
d). This sample area visually looks flat in the photo (inset
in Fig. 4a). This was similar to that observed during an-
nealing of the samples covered with 30 nm Ge (Fig. 3).
However, around the central part of the sample surface,
another surface morphology was formed. It is composed
of open substrate surface areas surrounded by large ridges
with smoothed edges (Fig. 4b) and it visually looks as a

rough surface (inset in Fig. 4a). This sample surface area
can be called a porous SiGe layer. The formation of
the surface morphology similar to that of the porous
layers was previously observed after the high-
temperature annealing of Si(111) substrates covered
with Ge [16].

Nevertheless, there are significant differences in the
porous SiGe layer formation on Si(100) and Si(111).
On Si(111), the radical transformation in the surface
morphology occurred quickly under annealing at tempera-
tures above 700 °C and for any deposited Ge coverage
studied (up to 150 nm) [16]. Whereas, the porous SiGe
layer formation on Si(100) began from the sample edges
and the boundary between the continuous and porous
layers moved slowly to the sample center with the rate of
~10 pum/min. The Ge coverage for which the porous layer
formation was observed was also limited from about 50 to
100 nm.

In the surface area, where the porous SiGe layer is not
formed under annealing, the continuous SiGe layer con-
tains a high concentration of threading dislocations. The
dislocations form small craters on the surface, as seen in
the STM images (Fig. 4d). The number of the dislocations
gradually decreases and the surface becomes smoother
during long-time annealing at 1100 °C.
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Fig. 2 a SEM and b STM images of the surfaces obtained by a 60 and b 150 nm Ge depositions on Si(100) at 400 °C
A

The high-temperature annealing initiates mass transport,
which is accompanied by Si-Ge intermixing with Ge diffu-
sion into the substrate. The chemical composition of the
surface layers was obtained by EDX using sample cleav-
ages. The SEM images of cleavages of samples prepared by
the 60 nm Ge deposition on Si(100) without post-growth
annealing and with annealing at 850 °C, which leads to the
formation of porous layers, are shown in Fig. 5a, b, respec-
tively. The layers grown at 400 °C (without subsequent
annealing) are composed of Ge and have a sharp interface
with the Si substrate. However, EDX data represent the
chemical composition distribution across the Si/Ge inter-
face as not sharp, but broadened for about 25 nm within
which about 90 % changes in the chemical composition
took place (Fig. 5c). This value gives the spatial resolution
parameter of the EDX method for the incident e-beam
energy of 3 keV used in our measurements.

Obtained EDX data for the different areas of the same
sample, i.e., for areas of porous and continuous SiGe layers
exhibit an essential difference from the viewpoint of spatial
distribution of their chemical composition (Fig. 5 d). The
SiGe spatial distribution in the continuous layer demon-
strates that it is the result of gradual decay of the deposited

Ge ridges by means of Si-Ge intermixing under the annea-
ling at 850 °C. This occurs by the interdiffusion via the
interface between the deposited Ge ridges and the sub-
strate. In contrast, ridges of the porous layer have a uniform
chemical composition of about SipgGeg,. The ridges/sub-
strate interface width was about 25 nm, i.e,, the same as the
spatial resolution of our EDX measurements. This indicates
that the interface between the porous SiGe layer and the
substrate is sharp. Such distribution of SiGe composition
can be the result of facilitated Si-Ge intermixing and diffu-
sion within the surface layer, which may occur due to the
surface layer melting with subsequent solidification.

The sample annealing at 1100 °C causes the Ge removal
from surface layers (Fig 5e). The presence of small Ge
amounts was observed in a broad region located at a
depth of about 100 nm from the surface. This indicates
that the Ge sublimation is the process additional to the
Ge diffusion into the substrate, which produces a signi-
ficant contribution into the spatial SiGe distribution in the
surface layer.

The comparison of high-temperature behavior of Ge
layers deposited on different Si substrates shows that the
porous SiGe layer formation occurs on Si(111) easier than
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Fig. 3 SEM images of the surfaces prepared by 30 Ge depositions
on Si(100) at 400 °C and then annealed a at 800 °C for 30 min and
b at 1000 °C for 15 min
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on Si(100). This depends on the relation between the rates
of processes in surface layers. As suggested here, the por-
ous SiGe layer formation is the result of surface melting
which is significantly facilitated by the strong stain caused
by the Si-Ge lattice mismatch. It can also be suggested
that the same reason is responsible for the porous SiGe
layer formation on Si(111) [16, 22]. Under annealing at
temperatures in the range from 700 to 900 °C, two pro-
cesses compete with each other. These are intermixing of
Si and Ge atoms and their diffusion along the surface from
one side and Ge diffusion into the Si substrate from the
other side. Since Si(111) is the close-packed atomic plane,
the diffusion along the Si(111) plane occurs easier than
across it. Whereas, the diffusion condition along the
Si(100) plane and across it is about the same. This diffe-
rence in the diffusion conditions can be the reason for the
different behavior of Ge layers on Si(111) and Si(100)
surfaces. The better conditions for Ge atom diffusion into
the Si substrate cause faster Si-Ge intermixing and, hence,
faster stain relaxation under the annealing in the case of
Si(100). Due to strain weakening the conditions for the
surface layer melting gradually disappear and may not
provide its realization along the whole sample surface.
This explains the observed coexistence of the porous and
continuous SiGe layers on Si(100).

Surface morphology transitions under annealing in the
conditions of dewetting provide the benefit in the total
energy owing to the strain relaxation, surface and interface
energy minimization, intermixing, and structural defect
optimization. Dewetting is widely used to produce the

Fig. 4 a, b SEM and ¢, d STM images of sample surfaces after 60 nm Ge deposition on Si(100) at 400 °C and subsequent annealing at 850 °C for
60 min. The inset in (a) shows the photo of the sample with the bright area in the center, representing the continuous SiGe layer which looks like
a mirror, and the gray area around, represents the porous SiGe layer
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formation of very different surface morphologies [23-25].
It can occur through solid-state dewetting or melting of
surface layers. At the same time, surface layers can be
melted partially only in the local areas where the lattice
strain is the strongest [26]. In the case of Ge on Si, the
strongest strain appears along perimeters of Ge islands or
ridges, i.e., at their edges [16, 27]. However, Ge layer melt-
ing on Si(100) in such local areas with subsequent Si-Ge
intermixing is not sufficient for the formation of porous
SiGe layers. It is important that they are formed as a result
of dewetting during solidification. The possibility of pre-
ferable melting of local surface areas explains the fact that
the porous layers are not formed when the Ge amount
deposited on Si(100) exceeds 100 nm. So thick Ge layers
almost do not contain open windows of the Si substrate
and, hence, they do not contain local areas with strong
lattice strain at edges of islands or ridges.

In the case of Ge layers on Si(111), it was shown that
the porous layer formation, i.e., the layers which contain
open windows of the Si substrate, provides the significant
benefit in the total energy due to the reduction of SiGe/Si

interface energy [16]. The energy benefit is proportional
to the portion of the surface which is free from SiGe. It
could be mentioned that the porous layer formation in
these cases occurs despite the increase in the total surface
energy due to formation of tall ridges.

There is another process which along with Si-Ge inter-
mixing reduces the lattice strain under high-temperature
annealing. This is the introduction of threading disloca-
tions which are formed with a high concentration in the
surface layers. Dislocations produce deep energy levels in
the Si and SiGe bandgaps [28, 29]. The appearance of the
deep levels creates the conditions for the luminescence in
the near infrared spectral range [30, 31] in which the Si
substrates are transparent. This circumstance makes the
dislocation-rich SiGe layers whose formation described
here to be interesting with respect to the study of their
light absorption and luminescence properties.

The surface morphologies obtained under the high-
temperature annealing of the samples with Ge layers
deposited on Si(100) at the relatively low temperatures is
drastically different from those formed by Ge deposition
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on Si(100) directly at high temperatures. In the latter case,
the formation of individual island arrays takes place. The
islands exhibit the tendency to ordering when they grow
in the condition close to dynamic equilibrium between
the islands growth and their decay due to Si-Ge intermi-
xing with Ge diffusion into the Si substrate [9]. However,
the ordered island or pore formation does not occur dur-
ing high-temperature annealing as it was predicted by the
simulation of the layer evolution [32]. The calculations did
not account for the Si-Ge intermixing and the possible Si
surface dewetting which take place in the Si-Ge system at
high temperatures [22, 24].

Conclusions

Ge layers deposited on Si(100) at relatively low tempe-
ratures (400-500 °C) are composed of separated large
dome-like islands or ridges at higher Ge coverages. They
are thermally unstable and transform into two surface
areas with different morphologies depending on high-
temperature annealing conditions and on the amount of
deposited Ge. One of the areas is a porous SiGe layer con-
taining open windows of the Si substrate, which is similar
to that previously observed for Ge layers on Si(111). Their
formation is associated with strain-induced surface melting
followed by subsequent solidification in the conditions of
SiGe dewetting on Si. The other surface area is a continu-
ous SiGe layer with a rough surface morphology, which is
preferably formed when the amount of deposited Ge was
less than 50 or more than 100 nm. It is suggested that the
conditions for the formation of porous or continuous SiGe
areas are determined by the competition between pro-
cesses such as intermixing of Si and Ge atoms with their
diffusion along the surface and Ge diffusion into the Si
substrate. In local surface areas where the lattice strain is
sufficiently strong, the surface layer melting takes place
that significantly facilitates Si-Ge intermixing with surface
diffusion leading to the porous SiGe layer formation. How-
ever, if the melting does not occur, the deposited Ge islands
or ridges gradually transforms into the continuous SiGe
layer by means of their decay along the surface and Ge
diffusion into the substrate. It is discussed that easier
porous SiGe layer formation on Si(111) than on Si(100)
originates from the different conditions for the Ge surface
and bulk diffusion on Si substrates with such surface
orientations.
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